The Bi 2 O 3 films-based anodes were synthesized by electrodeposition of Bi on stainless steel substrate at constant current density and during different deposition times, fallowed by calcination, forming Bi 2 O 3 . The thickness of the films was determined by two methods: the observation under the microscope and by calculation from mass difference. Electrochemical proceses at the anodes were ivestigated by linear sweep voltammetry. At the anodes obtained within 2, 5, 10 and 15 minutes of deposition, two dyes, namely: Reactive Blue 19 and Crystal Violet, were decolorized by oxidation with •OH radical, generated from H 2 O 2 decomposition at the anodes. Decoloration times of the anodes varied, and the shortest one was achieved with the anode obtained during 5 minutes of deposition, with the film thickness of 2.5±0.3 μm. The optimal H 2 O 2 concentration for the dyes degradation was found to be 10 mmol dm -3 .
INTRODUCTION
Industry releases huge amounts of more or less colored effluents into the environment. Color itself could be very pernicious to the receiving water sources because of the toxicity towards many aquatic organisms and because colored compounds reduce water transparency, which, in turn, affects photosynthetic activity, thus causing severe damage to the ecosystems [1] .
Electrochemical processes for wastewater treatment have many advantages, including: environmental compatibility, versatility, high energy efficiency and safety, because they operate at mild conditions. For these reasons, they have been largely developed and utilized.
Among them, electrochemical oxidation is the most popular electrochemical procedure for removing organic pollutants from wastewaters and it has been widely used for decolorizing and degrading dyes from aqueous solutions. The oxidation of pollutants can be done as the direct anodic oxidation, and direct electron transfer to the anode, which yields poor decontamination; or chemical reaction with electrogenerated species from water discharge at the anode surface such as -active oxygen‖, i.e. hydroxyl radical •OH, which is considered the responsible species for the electrochemical degradation of organic pollutants [2] . Various materials are used as the anodes: Pt [3] , boron-doped diamond [4, 5] , graphite [6] activated carbon fiber [7] and the electrodes based on metal oxides, such as PbO 2 , RuO 2 , IrO 2 , SnO 2 , SbO x etc. and their mixtures [8 -13] . When hydrogen peroxide is applied to the electrochemical system, the radicals would be electro-generated with hydrogen peroxide and they would further attack the organic pollutants in the system. In the presence of hydrogen peroxide, both hydroxyl radicals and hydroperoxyl radicals were produced with hydrogen peroxide at the cathode and anode, respectively [14, 15] . 
The oxidation of organic dyes by hydroperoxyl radicals can be neglected; however, highly reactive hydroxyl radicals produced via Reactions (1) 
Generated hydroxyl radical •OH can further decompose the organic molecules.
Anode material is a very important factor determining the extent of decoloration in electrochemical dye degradation processes [2, 7, 8, 12, 16 -18] . It should possess several important characteristics: an inert surface with low adsorption properties which does not provide catalytically active sites for the adsorption of reactants in aqueous media (providing the formation of high concentration of hydroxyl radicals •OH from water discharge), high corrosion stability and high O 2 evolution overvoltage. Boron-doped diamond electrodes possess all these properties and they have the highest color removal efficiency [2, 4, 18] .
However, their application at industrial scale is not suitable, mainly due to the difficulties in their preparation and high production cost [2] .
Anodes based on metal oxides have high surface area and excellent mechanical and chemical resistance even at high current densities. Various materials based on metal oxides have been used for electrochemical degradation of dyes, showing different color removal efficiency [8 -13] . Some semiconductor metal oxide based anodes are used in photoelectrocatalytic processes [2] .
Microcrystalline Bi 2 O 3 can offer large surface area, electrochemical stability and catalysis behavior [20] which makes it an interesting material for electroche mical oxidation of various organic pollutants. The Bi 2 O 3 /Ti electrode was used in oxidative degradation of Acid Orange 7 by electrolysis, photocatalytic oxidation and photoelectrocatalytic oxidation processes [21] .
In addition, Bi 2 O 3 is relatively low cost and easy to prepare.
Electrodeposition is a very convenient method of material synthesis, because it is simple and it offers rigid control of film thickness, uniformity, and deposition rate and is especially attractive owing to its low equipment cost and starting materials. In cathodic electrodeposition, metal ions or complexes are hydrolyzed by electrogenerated base to form oxide, hydroxide, or peroxide deposits on cathodic substrates. Hydroxide and peroxide deposits can be converted to corresponding oxides by thermal treatment [22] .
In this work, Bi 2 O 3 -based anodes were synthesized by Bi electrodeposition on stainless steel substrate, at constant current density and during different deposition times, followed by calcination. The aim of the work was to investigate the ability of the anodes obtained during different electrodeposition times to degrade anthraquinone reactive dye Reactive Blue 19 and triphenylmethane dye Crystal Violet.
EXPERIMENTAL

Materials and equipment
All chemicals were of reagent grade and used without further purification. Bismuth (III) nitrate pentahydrate was purchased from Carlo Erba (Chezch Republic), nitric acid, hydrogen peroxide, sodium sulfate; Reactive Blue and Crystal Violet were purchased from Sigma Aldrich. Table 1 All electrochemical experiments were carried out using Amel 510 DC potentiostat (Materials Mates, Italy) furnished with VoltaScope software package. The dye concentrations were determined using UV-vis spectrophotometer Shimadzu UV-1650 PC (Shimadzu, Japan). A microscope (Leica), equipped with micrometer scale.
In order to perform a more detailed investigation of the obtained material and processes taking place on its surface, another group of the anodes was prepared by electrodeposition under the same experimental conditions as described above, but they were not calcined. Also, fallowing materials were prepared and used as the anodes: a pure stainless steel sheet anodically treated in 0.5 M oxalic acid at current density of 500 mA cm -2 for 30 minutes (the same conditions as the substrates for the Bi deposition); and a stainless steel sheet anodically treated in 0.5 M oxalic acid at current density of 500 mA cm -2 for 30 minutes and calcined at 500°C for 90 minutes in air.
Electrochemical characterization
Characterization of electrochemical processes at the anodes surfaces was performed using linear sweep voltammetry. Voltammograms of the anodes were recorded in the solutions which contained 10 mM H 2 O 2 and 1 mM Na 2 SO 4 by scanning from 0.6 V to 3 V at a scan rate of 20 mV s -1 , using saturated calomel electrode as a reference electrode and Au sheet as an auxillary electrode. The compositions of the solutions were the same as the ones for the dye degradation, but without the presence of the dyes. All the potentials in this work are given versus standard hydrogen electrode.
Dye degradation expe riments
Dye degradation experiments were carried out at room temperature, in two-electrode cell, at constant current density of 10 mA cm -2 , with each of the anodes, using Au sheet as a cathode. in water. Each of the solutions contained a 1 mM Na 2 SO 4 , which provided their electrical conductivity. During the decoloration experiments, the dye solutions were stirred on a magnetic stirrer. Dye decoloration experiments were also carried out using non calcined bismuth anodes and stainless steel anode. Calcined stainless steel anode was not electrochemically stable enough to be used as the anode; at high potentials which are applied in our experiments, an intensive corrosion of the anode and oxygen evolution takes place. For each of the anodes, the decoloration time was observed. All experiments were performed in triplicate.
RESULTS AND DISCUSSION
All of the films were electrodeposited at the same constant current density, but during the different deposition times. The color of the deposited material was middle gray to pa le gray.
For the H + ions concentration >0.4 M, which is the case in our work, the aqua Bi 3+ prevails, and the predominant cathodic reaction may be [23] :
Based on this equation and the color of the deposited films, it can be assumed that b ismuth metal was predominantly deposited at the cathode and later, it slowly oxidized in water and air during the drying process.
After the calcinations at 500°C, the color of the deposited material changed to pale yellow, indicating that the Bi 2 O 3 was formed.
Adhesion of the films deposited on the surface which was only treated with abrasives and ultrasonically cleaned, was not satisfying; unlike them, films deposited on the surface which was anodically treated with oxalic acid at high current density had very good adhesion and mechanical stability, which was further improved by calcinations.
Thickness of the films
The thickness of the obtained films was calculated from the mass difference before and after the electrodeposition and calcination, assuming the density of the deposited material was the same as that of the bulk material (ρ = 9.17 g cm were between 5 and 20% and they were the lowest for the films with the thickness of about 1.5 to 6 μm. These films were the ones of the highest compactivity and homogeneity. Figure 1 shows dependence of the film thickness of deposition time. Note that the thickness values given in Figure 1 are the ones obtained by observation and measurement under the microscope. The thinnest film, obtained during 1 minute of deposition, was quite inhomogeneous, with significantly lower compactivity, and, on some parts of the surface, it could be noted that it wasn't fully formed; its thickness varied a lot, and it was impossib le to measure it with satisfying accuracy, so the thickness value given for it is its calculated value.
The films thicker then about 12 μm were also inhomogeneous, with larger particles attached to the homogenous part of the film and they were not very stable; when their thickness reached more than about 15 μm, they became very unstable and peeled off relatively easily.
Figure 1
It can be observed that during the first 15 minutes of deposition the film thickness rapidly grows with the deposition time. After that time, the film thickness growth becomes significantly slower. Moreover, as mentioned above, the films obtained during the longer deposition times tend to crack and relatively easily peel off, so it can be assumed that the maximum film thickness with the deposition parameters applied in this work was obtained during the first 15-20 minutes of deposition.
Only the anodes with the film thickness of up to 10 μm were mechanically stable enough to be used in the dye decoloration experiments. The measured thickness values of the films deposited during 2, 5, 10 and 15 minutes are: (1.5±0.3, 2.5±0.3, 5.6±0.5 and 9.6±1) µm, respectively. As mentioned above, the thickness of the film obtained during 1 minute of electrodeposition was impossible to measure with satisfying accuracy, so the thickness value given for it is its calculated value of 0.7 µm. In further text, the anodes will be labeled: 0.7, 1.5, 2.5, 5.6 and 9.6, the numbers which correspond to their thickness. The cross section of the anode with 2.5 µm film thickness, which showed the best decoloration results, is presented in Figure 2 . Figure 2 The surfaces of the stainless steel/Bi 2 O 3 anodes are shown in Figure 3 . Figure 3 As it was expected, some differences between the surfaces obtained during different electrodeposition times are observed. During the first minute of deposition (anode 0.7, Figure   3A ), a small aggregates have been formed and randomly attached to the surface, leaving a significant part of the metallic surface uncovered. Observation of its cross section confirmed that the Bi 2 O 3 film was not fully formed (result not shown). During the first two minutes (anode 1.5) relatively compact layer have been formed (result not shown), showing that during that time Bi 2 O 3 aggregates have covered practically the whole metallic surface ( Figure   3B ). Though the aggregates are closely packed and well adhered to the metallic surface, the coat that they have formed still appears to be quite porous and not very homogenous on its exposed surface. Surface of the anode 2.5 ( Figure 3C ) is covered with larger aggregates than anodes 0.7 and 1.5, indicating that between the third and the fifth minute of deposition the aggregates have significantly grown in size. Its surface is also fully covered, though it seems that the layer is little less compact and more porous than that on the anode 1.5. It is, however, also well adhered to the metallic surface, though the exposed surface of the film is inhomogeneous. Surfaces of the anodes 2.5, 5.6 and 9.6 have similar structures ( Figure 3C , 3D and 3E) meaning that no further growth of the aggregates is observed, but only the growth of the thickness of the film they have formed. The surface coatings on the anodes 5.6 and 9.6 appear to be little more compact than that on the anode 2.5 and, as the measurements have shown, they are thicker as well.
Dyes decoloration and electroche mical processes at the anodes
Reactive Blue 19 is very stable in the solutions used in this work, and it practically does not react with H 2 O 2 without electrochemical treatment during the time period of 24 hours. The study of Radović et al. [24] with the same dye gave the similar results. Crystal Violet slowly reacts with H 2 O 2 and it takes about 15 h for it to completely decolorize.
Before the experiments with the calcined anodes, dye decoloration was performed using non calcined bismuth anode and stainless steel anode. All of the experiments were performed under the same decoloration conditions. Non calcined bismuth anodes were not chemically stable under the experimental conditions; they quickly started to corrode during the experiments and the solutions became turbid; after the sedimentation, the precipitate was dissolved in HNO 3 and Bi metal was detected by atomic absorption spectrophotometry (A Analyst 300 (Perkin Elmer, USA)), indicating that the material obtained by electrodeposition was predominantly metal Bi, which was anodically dissolved during the process. With stainless steel anode purple color of Crystal Violet and blue color of Reactive Blue 19 disappeared within 60 minutes and 130 minutes, respectively, but the color of the solutions after that time became pale yellowish-green and it has not changed during prolonged electrochemical treatment. Though the solutions looked clear, after 24 hours a small amounts of precipitate have been detected; the precipitate from both the solutions was dissolved in HNO 3 and Fe was detected by AAS, leading to a conclusion that the dyes were electrocoagulated with iron originating from stainless steel [2] . Decoloration on the calcined bismuth anodes provided clear, completely colorless solutions; though some Pourbaix diagrams show that Bi might exist in some kind of dissolved form at neutral pHs and high potentials [25] , neither Fe nor Bi was detected in the solutions, so it can be assumed that the material obtained after the calcination at the stainless steel surfaces was Bi 2 O 3 and that it was chemically stable under those conditions. However, after dye decoloration with the anode 0.7, iron was found in the solution. This iron probably originates from the parts of the anode surface which were not covered with Bi 2 O 3 .
In order to reveal and compare electrochemical processes at different anode materials, a linear sweep voltammetry investigation was performed in the absence of the dyes. Figure 4 represents current-potential dependence of the stainless steel anode treated in oxalic acid and The decoloration times of the anodes significantly differ mutually. Decoloration times of
Crystal Violet are shorter then ones of Reactive Blue 19, which can be attributed to the structure, and thus, the stability of the dyes molecules [32] . It can also be observed that two curves have similar shape, which indicates that in both cases the similar processes are taking place at the anodes surfaces.
As can be seen in Figure 6 , the shortest decoloration times, for both of the dyes, are achieved for the anodes with the film thicknesses between 2 and 4 μm; for the tested anodes, the shortest decoloration time (17±1 minute for Crystal Violet and 35±1 minute for reactive Blue 19) was achieved for the anode 2.5 (2.5 μm thickness) which was obtained during 5 minutes of deposition. As shown in Figure 5 , current values in 10 mM H 2 O 2 , attributed to a formation of •OH radical, are different for different anodes at the same potentials and they decrease as the thickness of the anodes increases from 1.5 to 9.6 μm, Since the dyes are not oxidized directly, but via oxidative species obtained by the decomposition of H 2 O 2 , decoloration efficiency of the anodes depends on their ability to produce those species. Based on the current values for the anodes in Figure 5 , the abilities of the anodes to decompose H 2 O 2 , producing the oxidative species which could degrade the dyes, can be sorted in descending order: 1.5 > 2.5 > 5.6 > 9.6, and, based on that, it is expected that decoloration efficiency decreases in the same way. However, decoloration time of anode 1.5 is longer than that of the anodes 2.5 and 5.6, although it is expected to be able to produce the highest concentration of oxidants that can decolorize the dyes. After decolora tion experiments with anode 1.5, the purple and blue shade could be observed at its surface. Desorption of the dyes was performed by immersing the anode in water-ethanol mixture and stirring it for 3 h at 50°C, and Reactive indicating that dyes did not adsorb onto the other anodes. It can be assumed that anode 1.5 has the highest ability to decompose H 2 O 2 , forming the oxidants which oxidized the dyes, but also the highest sorption affinity for the dyes, and that the second prevailed in this case, making it less efficient for decoloration than anodes 2.5 and 5.6.
As already mentioned, the shortest decoloration time was achieved for the anode 2.5. As the film thickness increases from 2.5 to 9.6 μm, the anode's ability to decompose H 2 O 2 and form the strong oxidants decreases, and decoloration time slightly increases, as it was expected.
The current maxima obtained for the anodes 5.6 and 9.6 were 3.76 mA and 1.85 mA ( Figure   5 ), which is 77% and 38% of the value obtained for anode 2.5, respectively. Decoloration times of Reactive Blue 19 with the anodes 5.6 and 9.6 were 47±1 minutes and 100±3 minutes, which is about 74% and 35% of the efficiency demonstrated with anode 2.5, respectively (having in mind that decoloration time of anode 2.5 for reactive Blue 19 was 35±1 minute).
Decoloration times of Crystal Violet with the anodes 5.6 and 9.6 were 24±1 and 46±1 minutes, which is about 71% and 37% of the efficiency demonstrated with anode 2.5, respectively (having in mind that decoloration time of anode 2.5 for Crystal Violet was 17±1 minute). This indicates that decoloration efficiency of these three anodes is determined by their ability to decompose H 2 O 2 , producing the reactive species which oxidize the dyes and no side effects are observed, as in the case of anode 1.5. The smallest difference in decoloration times is observed between the anode 2.5 and 5.6, for both of the dyes. As it is shown in Figure   6 , for the film thicknesses higher than about 6 μm, decoloration time significantly increases as well, and greater difference is observed between the anodes 5.6 and 9.6, than between 2.5 and [24] . Thus, the optimal concentration for the process is assumed to be 10 mmol dm -3 .
All of the dyes degradation experiments were repeated several times, and after each of them, no traces of bismuth were detected in the solutions; the weight of the anodes after cleaning and drying remained constant; no cracks of the films were observed under the microscope, which all indicates that they are electrochemically and mechanically stable enough under the applied experimental conditions. The anodes with the films thicker than 10 μm were not tested, because they did not possess required mechanical qualities.
As it is well known, electrodeposition offers a good control and reproducibility of the working parameters and therefore, the properties of the deposited films; by the proper selection of the electrodeposition conditions, it is possible to obtain material with the desired properties and quality. In this case, it was shown that optimal electrodeposition time in the synthesis procedure was 5 minutes, i.e. that the anode obtained within this time exhibited the highest efficiency for the dye decoloration under the applied experimental conditions.
Further investigation and optimization of dye degradation parameters will probably improve the efficiency of the process. It would be also interesting to test them as the photo anodes.
Since UV irradiation would increase their electrical conductivity and therefore, the production of higher concentration of oxidative species which can degrade the dye molecules their surface, the increase of their efficiency is expected. 
CONCLUSION
